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Abstract The influence of complexation by ethylenedia-
minetetraacetic acid (EDTA) on the toxicity of Cd(II),
Cu(II), Cd(II), and Ni(II) was investigated. Result of the
Microtox test, which is based on measuring the decrease of
light emitted by Vibrio fischeri bacterium when exposed to a
toxicant, was used as an indication of toxicity. The effect of
pH and EDTA molar ratio that might potentially modify the
percentage of chemical species in solution on toxicity was
evaluated. In general, results indicate that toxicity decreases
when increasing the pH value as well as the EDTA molar
ratio. Chemical modeling was used to predict metal specia-
tion and correlation analysis to relate chemical species with
the obtained toxicity results. The species that most contribute
to toxicity resulted to be MeCl? (Me = metal), which is
formed as a consequence of the presence of the bioassay
medium (2 % NaCl). A model that predicts metal-solution
toxicity by using the chemical species, which most contribute
to toxicity is proposed as a useful tool for toxicity assessment
in waters containing metal ions and EDTA.
Among water pollutants, heavy metals are priority toxi-
cants that pose potential risks to human health and the
environment. The bioavailability and therefore toxicity of
metal ions depends on the speciation, which itself depends
on physical and chemical parameters of the particular
environment (Babich and Stotzky 1983). In water, main
parameters affecting are pH, salinity, hardness (calcium
carbonate content), or ionic strength, which can influence
metal ion toxicity either directly by lowering free metal ion
concentration or indirectly through synergistic or antago-
nistic effects (Ho et al. 1999; Cook et al. 2000). Further-
more, concentration of bioavailable metals in the
environment can be altered by chelating substances from
natural (phytates, humic, and fulvic acids) or anthropo-
genic sources as ethylenediaminetetraacetic acid (EDTA)
or polyphosphates.
EDTA is widely used in industry and agriculture, e.g.,
treatment of wood pulp for paper industry, treatment of
fabrics and leather, preparation of cosmetics and deter-
gents, metal manufacturing, etc. Due to its extremely
strong complexing capacity toward toxic divalent metal
ions, introduction of EDTA into the aquatic environment
may lead to unexpected impacts. In the presence of EDTA,
bioavailability of some toxic metals can increase. This fact
can be due to the formation of EDTA metal complexes
coming from the release of adsorbed metals from sedi-
ments. When this happens, removal of these EDTA metal
complexes from the environment by precipitation methods
is more difficult (Lai and Chen 2004).
Use of bioassays can give complementary information to
that given by physical and chemical methods because they
allow the detection of toxicity of bioavailable metals in envi-
ronmental samples, thus effectively integrating the complexity
of environmental factors (pH, redox potential, exchangeable,
biological activity, etc.) that contribute to bioavailability.
Most studies have found that toxicity is usually related to
free metal ion because this species is generally the most
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bioavailable one (Ko¨hler et al. 2000); however, other studies
have shown that the toxic response does not always conform
to the free-ion model and that organic complexing agents
and/or inorganic complexes might also exhibit some toxicity
to target organism (Sorvari and Sillanpa¨a¨ 1996; Campbell
et al. 2000; Deheyn et al. 2004; Loureiro et al. 2011).
Microtox test, which is based on measuring the decrease
of light emitted by Vibrio fischeri bacterium when exposed
to a toxicant, has been largely used to assess the toxicity of
organic compounds (Ribo´ and Kaiser 1983) and metal ions
(Ribo´ et al. 1989). When using the Microtox bioassay to
determine metal ion toxicity, not only the presence of
complexing agents may influence the resulting toxicity:
The presence of 2 % NaCl (bioassay medium) (Villaescusa
et al. 1996; Fulladosa et al. 2005) as well as the pH value
(Villaescusa et al. 1997) result in the formation of different
chemical species that strongly influence the measured
toxicity.
The effect of complexation by EDTA on the toxicity of
some heavy metals using the Microtox test has been
reported (Sillanpa¨a¨ and Oikari 1996). In that study, the
toxicity of a 1:1 complexing agent-to-metal ion molar ratio
was determined, and the results were compared with the
toxicity found for noncomplexed metal ions. The investi-
gators concluded that complexation had negligible effects
on toxicity of some metal ions, such as copper (Cu), cad-
mium (Cd), and mercury, whereas it significantly
decreased the toxicity of other metal ions, such as zinc and
lead (Pb) and increased the toxicity of iron. Recently, the
effect of pH, EDTA, and anions on heavy-metal toxicity on
a bioluminescent cyanobacterial strain has been investi-
gated (Rodea-Palomares et al. 2009). The investigators
used chemical modeling and correlation analyses to predict
metal speciation and linked it to toxicity. They found that,
in general, there is a good correlation between the observed
toxicity and the free-ion metal concentration.
The aim of this work was to determine the toxicity of
metal ions (Cd, Cu, Ni, and Pb), EDTA solutions, and mix-
tures of EDTA and metal ions at different molar ratios and
pH values using the Microtox test. Toxicity and the chemical
species present in solution were related to develop a model to
predict solution toxicity from chemical speciation.
Material and Methods
Test Reagents and Chemicals
The freeze-dried luminescent bacterium V. fischeri and the
reconstitution solution were supplied by Microbics Cor-
poration (Carlsbad, CA). Cadmium chloride (CdCl22
H2O), copper chloride (CuCl2), lead chloride (PbCl2),
nickel chloride (NiCl2H2O), EDTA disodium salt, NaCl,
and 0.1 M NaOH and HCl solutions were of analytical
grade and purchased from Panreac (Barcelona, Spain).
Apparatus
A Microtox Model 500 Toxicity Analyzer System from
Microbics Corporation (Carlsbad, CA) was used equipped
with a 30-well temperature-controlled incubator block set at
15 C and a storage cell kept at approximately 5 C for the
reconstituted bacteria before dilution was used. The light
intensity was digitally recorded. The pH was monitored by a
Digilab model 517 pH/mV voltmeter (Crison, Barcelona,
Spain). Concentration of metal ions in solutions was
determined with an atomic absorption spectrophotometer
(Varian SpectrAA-640; Mulgrave, Victoria, Australia).
Sample Preparation
EDTA, nickel (Ni), Cu, Cd, Pb, and mixtures of EDTA and
the different metal ion solutions were prepared by dis-
solving the corresponding salt in 2 % NaCl. To assess the
effect of pH on toxicity, solutions were adjusted to dif-
ferent pH values (range 5–8) by adding small volumes of
0.1 M HCl and NaOH solutions.
Effective-Concentration Determination
The effective concentration (EC50) was defined as the con-
centration that produces a 50 % decrease in light emission.
Determination of EC50 value for a given time (5 and 15 min)
is part of the Microtox acute basic test protocol Corporation
Microbics (1994). EC50 values were determined using the
Gamma (C) function, which is defined as the ratio of lost to
remaining light intensities. EC50 values were calculated by
regression analysis of the linear relationship between the
logarithm of the metal concentration against the logarithm of
the C function. The EC50 value is the concentration at which
C = 1. EC50 values were obtained according to the experi-
mental procedure described for the manufacturer’s acute
basic test protocol with some modifications regarding the
nonadjustment of osmotic pressure using 20 % NaCl solu-
tion as indicated in the basic test protocol because, as
explained before, samples were already prepared in 2 %
NaCl. To ascertain the most suitable range of metal ion
concentration for toxicity determination, preliminary tests
for EDTA and EDTA–metal solutions were performed.
Species-Distribution Diagrams
Species distribution of EDTA, metal ions, and mixtures of
EDTA and metal ion (EDTA–Me) in 2 % NaCl (medium
of analysis in the Microtox bioassay) as a function of pH
was drawn using the computer program Make Equilibrium
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Diagrams Using Sophisticated Algorithms (MEDUSA,
Hydra/Medusa chemical equilibrium data base and plotting
software, KTH Royal Institute of Technology, Sweden).
These diagrams are based on equilibrium constants of
aqueous species retrieved from the hydrochemical-
equilibrium constant database (Puigdomenech 2004).
Toxicity-Determination Procedure
Preliminary Assays
In a previous study, it was reported that phenol (standard
solution of Microtox) toxicity was not affected by a change
of pH (Fulladosa et al. 2004). Experiments conducted to
measure phenol toxicity at different pH values (range 5–8)
in the experimental conditions used in this work confirmed
the previously mentioned results.
EDTA-Toxicity Determination
Possible toxicity due to the presence of noncomplexed
EDTA species was investigated. For this purpose, solutions
of EDTA were prepared in 2 %NaCl and adjusted at dif-
ferent pH values (range 5–8), and the corresponding EC50
values were determined.
Mixtures of EDTA–Me Toxicity
Mixtures with different EDTA–Me stoichiometry were
tested to investigate the effect of the degree of metal
complexation by EDTA on toxicity. For each studied metal
ion, five different EDTA–Me stoichiometries were tested:
0:1.0, 0.25:1.0, 0.50:1.0, 1.0:1.0, and 2.0:1.0.
Statistical Analysis
To check whether there is a linear relationship between the
independent variables (chemical species in solution) and
the dependent variable (toxicity values) EC50 data obtained
at 15 min for all free metal ions (Me) and Me–EDTA
mixtures at different pH values were transformed by ana-
lyzing the logarithm of toxic units (log TU) (TU = 100/
EC50) using linear regression [SPSS analysis of variance
(ANOVA)] (SPSS 15.0 for Windows) to fit the following
first-order polynomial equation,
Log TU ¼ b0 þ b1A þ b2B þ b3C . . . þ e ð1Þ
where Log TU is the response variable to be predicted; b0
is the intercept; b1, b2, and b3 are the estimated coeffi-
cients; A, B, and C are the independent variables (Me,
MeCl?, MeCl2, MeCl3
–, MeClOH, Me(EDTA)2–,
Me(HEDTA)–, H2EDTA
2–, HEDTA3–, Na(EDTA)3–, and e
is the experimental error.
Estimation of the parameters of Eq. (1) was performed
by multiple linear regression analysis and the stepwise
method. In stepwise regression, the SPSS software enters
the predictor with the highest Student t statistics and will
continue entering predictors until here are none left but
Student t statistics having p \ 0.05.
Results and Discussion
Toxicity of Metal, EDTA, and Metal–EDTA
Complexes
EC50 values at 5 (EC50-5 min) and 15 (EC50-15 min)
minutes for the studied metals, EDTA, and EDTA–Me
complexes obtained at different stoichiometry and pH
values are listed in Tables 1, 2, 3, and 4. EDTA toxicity
was found to decrease with increasing pH, coinciding with
the decrease of H2EDTA
2– and the increase of H3EDTA
–
species. From the results obtained, it seems that the EDTA
species that contributes most to toxicity is H2EDTA
2–. It
can also be observed that toxicity of EDTA solutions is
greater when the time of bacterial exposure is 15 min. The
increase of toxicity with time of bacterial exposure has
already been reported for metal ion toxicity (Villaescusa
et al. 1996, 1998). EC50 values at pH 7 and 8 could not be
determined because even though high concentrations of the
mixtures were tested, light extinction did not reach 50 %.
Therefore, solutions at these pH values must be considered
nontoxic to the bacteria.
Table 1 lists the EC50 values corresponding to the tox-
icity of Cd and Cd–EDTA mixtures with different molar
ratios at different pH values. It was not possible to deter-
mine the EC50-5 min values for the two highest EDTA
molar ratios and pH values of 7 and 8 despite the high
concentrations tested; therefore, these solutions must be
considered nontoxic at a 5-min exposure time. Neverthe-
less, these molar ratios were toxic when the time of bac-
terial exposure was 15 min. The percentage of species in
solution are also listed in the Table 1. From these results,
two clear trends can be observed: (1) Toxicity increases
with increasing the time of bacterial contact; and (2) tox-
icity decreases when EDTA content increases. The great
difference between EC50 values in the absence or presence
of EDTA is also remarkable. The explanation for the
observed results lies in change of chemical speciation of
metals in solution as a consequence of pH variation,
presence of 0.34 M NaCl (Microtox assay medium), and
EDTA concentration at different molar ratios.
When comparing the EC50-15 min value obtained for
Cd(II) at the different studied pH values, it is clear that
toxicity varies slightly with pH for 0, 0.25, and 0.50 EDTA
molar ratios. Conversely, toxicity decreases greatly with
486 Arch Environ Contam Toxicol (2012) 63:484–494
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pH at greater EDTA molar ratios. These results can be
explained by observing the distribution of the different
chemical species present in solution (Table 1). At the three
lowest EDTA molar ratios, the percentage of chlorocom-
plex species and the species Cd(EDTA)2– is similar and
independent of pH value, which results in similar toxicities.
At the highest EDTA molar ratio, the observed decrease of
toxicity when increasing pH from 6 to 8 must be related to
the decrease of H2EDTA
2– and the increase of HEDTA3–
species. Indeed, when testing the toxicity of EDTA at
different pH values (Table 1), it was found that the EDTA
species that contributes most to toxicity is H2EDTA
2–.
However, the toxicity observed at EDTA molar ratio = 1
must be related to Cd(EDTA)2– because it is the only
species present in solution.
To illustrate the previously mentioned relationship
between chemical species and observed toxicity, the EC50-
15 min values listed in Table 1 have been superimposed on
the plot of chemical species versus Cd–EDTA molar ratios
in Fig. 1a–d for pH values of 5, 6, 7, and 8, respectively. It
can be observed that metal complexation noticeably
decreases metal toxicity and also that equimolar Cd–EDTA
ratios at pH values 5 and 6 were less toxic. It appears that
the toxicity of Cd–EDTA at a 2.0 molar ratio decreases
when increasing the pH value from 5 to 8. This fact is
related to the decrease of the most toxic EDTA species
(i.e., H2EDTA
2–).
In Table 2, EC50 values obtained for Cu and Cu–EDTA
display a trend similar to the one observed for Cd with
respect to the EDTA ratio in solution. In this case, free
metal is present in solution for the three lowest EDTA
molar ratios. A great difference of toxicity is observable
when comparing the EC50-15 min value for free metal ion
(Cu2?) solution and solutions of Cu–EDTA at a 1.0 EDTA
molar ratio. This dramatic decrease in toxicity coincides
with the disappearance of free metal and chlorocomplex
species in solution. Toxicity of free metal ion and the
lowest Cu–EDTA molar ratios at pH values 7 and 8 was
not determined due to the fact that some precipitation
occurred (Puigdomenech 2004).
Results corresponding to Ni and Ni–EDTA solutions are
listed in Table 3. EC50 values follow the similar trend with
increased time of bacterial contact and EDTA molar ratios
as mentioned for the other previous metal ions. It must be
noted that in the case of Ni, the effect of EDTA com-
plexation on toxicity is less important than in the case of
Cu. Also in this case, when free metal and chlorocomplex
species are absent in solution at EDTA molar ratios 1 and
2, the lowest toxicity is observed, although the decrease in
toxicity is not so remarkable as it was for Cd and Cu. EC50
value at pH values 7 and 8 for free metal and the lowest
Ni–EDTA molar ratios was not determined because pre-
cipitation occurred. In addition, toxicity at the highest Ni–
EDTA molar ratio was not determined because high
(b)
(d)
(a)
(c)
Fig. 1 Cd EC50-15 min values and species percentage as a function of Cd-EDTA ratio at a pH 5, b pH 6, c pH 7, and d pH 8
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concentrations did not provoke 50 % light extinction. It is
remarkable that toxicities found for Ni and Ni–EDTA
solutions were always lower than the toxicity observed at
pH 5.0 when only EDTA was present in solution along
with a high percentage (95 %) of H2EDTA
2–.
The highest values of toxicity were found for Pb and
Pb–EDTA solutions (Table 4). A toxicity pattern similar to
that of the other three metal ions was observed with time
when considering EDTA molar ratio variation, the impor-
tant decrease in toxicity values is also found between 0 and
1 EDTA molar ratios when the species of free metal ion
and chlorocomplexes are not present in solution. Precipi-
tation was only observed at pH 8 and EDTA molar ratios 0
or\1.00. The comparison between toxicity values obtained
for Pb and Pb–EDTA solutions with the ones obtained for
EDTA solution indicates that EDTA solution exhibits the
lowest toxicity.
Figure 2 shows that for a given pH, the EC50-15 min
values decrease as a consequence of metal ion complexa-
tion by EDTA. The toxicity reduction ratio (TRR) calcu-
lated by Eq. (2) was used to quantify the effect of EDTA on
metal ion toxicity,
TRR ¼ EC50-15 min ðMenEDTAÞ
EC50-15 min ðMeÞ ð2Þ
where n (1 or 2) refers to Me–EDTA molar ratio and EC50-
15 min is the observed toxicity values at pH 5 and 6.
In Table 5, the TRR corresponding to EDTA molar
ratios 1 and 2 at pH values 5 and 6 are listed. Results show
that complexation by EDTA when the molar ratio was 1 or
2 noticeably decreases the toxicity of Cu and Pb but has
little or slight influence on Cd and Ni toxicity, respectively.
The EC50-15 min values obtained for all tested solutions
and plotted as a function of pH (Fig. 2) manifest the
remarks made previously for each metal when analysed
separately concerning the effect of pH and EDTA molar
ratio and allows comparison with toxicity values as well as
consideration of the following: (1) In general, toxicity
decreases when pH and EDTA molar ratios increase; (2)
the toxicity of EDTA in the absence of metals is greater
than that observed for solutions containing metal–EDTA
molar ratios of 1 or 2 except in the case of Pb; and (3)
toxicity ranks from highest to lowest as follows:
Pb [ Cu [ Cd [ Ni.
When trying to relate the variation of toxicity to the
different species in solutions, a first global approach is to
consider four different kinds of species: free metal ion,
metal-ion chlorocomplexes, metal-ion EDTA complexes,
and free EDTA salt. From the results listed in Tables 1, 2,
3, and 4, it seems clear that four groups of species con-
tribute more or less to the resulting toxicity of the tested
solutions. Nevertheless, it is difficult to assess the role of
each species of the group. In an attempt to obtain this
evaluation, statistical analyses were performed.
Statistical Analysis
The SPSS linear regression parameters and associated SEs
are listed in Table 6. For each model, predictor variables
and their corresponding coefficients with the associated SE
are listed. As seen, the Student t test value associated with
the coefficients values is significant (p \ 0.05) in all cases;
therefore, each predictor makes a significant contribution to
Fig. 2 Cd, Cu, Ni, Pb, and Ni
toxicity as a function of pH
values (5, 6, 7, and 8) for all of
the studied Me–EDTA ratios
(0, 0.25, 0.5, and 1.0)
Table 5 TRR of Me–EDTA at pH values 5 and 6
Metal pH TRR (n = 1) TRR (n = 2)
Cd 5 33 15.4
Cd 6 35 13.7
Cu 5 414 448
Cu 6 422 587
Ni 5 6 6.8
Ni 6 7 8
Pb 5 301 418
Pb 6 342 581
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the model. The four models present significant goodness of
fit (R2 [ 0.8). The R2 value is a measure of how much of
the variability in the outcome is accounted for by the
predictors. In this study, the R2 value for the first model
means that the species MeCl? accounts for 80 % of the
variation in log TU. The variables that successively enter
model 2 (Me), model 3 (MeCl3
–), and model 4 (HEDTA3–)
account for an extra 10.0 % of the variance in toxicity
(R2 = 0.905). It must also be pointed out that in all cases,
only the coefficient of the variable MeCl? has a positive
value indicating positive relationship. The value of the
coefficients indicates to what degree each predictor affects
the outcome if the effects of all other predictors are held
constant.
SPSS ANOVA values listed in Table 7 show the extent
of validity to relate the data to the linear regression model.
Specifically, the F-ratio represents the ratio of the
improvement in prediction that results from fitting
the model (labeled ‘‘Regression’’ in the table) relative to
the inaccuracy that still exists in the model (labeled
‘‘Residual’’ in the table). If the improvement due to filling
the regression model is much greater that the inaccuracy
within the model, then the value of F value will be[1, and
SPSS calculates the exact probability of obtaining the value
of F value by chance. For the initial model, the F-value is
188.91, which is unlikely to have happened by chance
(p \ 0.05). For the last model, the value of F is 104.73,
which is also highly significant (p \ 0.05).
However, the best fit is provided by model 4. In this
model, it must be noted that the coefficient corresponding
to variable HEDTA3– is almost zero, and its significance is
low (p = 0.049). Therefore, the equsation of the model is
as follows:
Log TU ¼ 1:999 þ 0:107 MeClþ  0:087 Me2þ
 0:305 MeCl3  0:008HEDTA3 þ e ð3Þ
It must be noted that only the species MeCl? possess a
coefficient with a positive sign, which indicates that this
variable contributes positively to the toxicity value. Note
that this species is formed as a consequence of the presence
of the bioassay medium. As mentioned in the opening text,
the assessment of metal chlorocomplexes formed as a
consequence of the bioassay medium has been reported in
our previous works (Villaescusa et al. 1996; Fulladosa
et al. 2005).
The model fit was evaluated by plotting the calculated
values versus the observed toxicity values. All data were
distributed on the bisecting first quadrant (slope = 0.997
and R2 = 0.876). It must be noted that the Ni data, of
which the range of toxicity values was narrow, presented
the worst fit.
Conclusion
Toxicity has been related to the species present in solution
as a consequence of pH, bioassay medium, and EDTA
molar ratio. In general, metal toxicity decreases with
increasing pH and Me–EDTA molar ratio and increases
with the time of bacterial exposure.
From the obtained results, a hypothesis that chemically
explains differences in toxicity between the different spe-
cies with independence of the divalent metal has been
formulated. Toxicity has been found to be directly related
to the percentage of the species MeCl?. The developed
predictive model, which uses the percentages of chemical
species in solution as independent variables, can provide
guidance to industry to determine the appropriate amount
of EDTA to be added to residual waters to decrease tox-
icity. Furthermore, toxicity predictions may be used to
screen untested wastewaters containing metal ions and
Table 6 Estimated regression coefficients
Model Variables Coefficient SE p R2
1 Constant 1.798 0.102 \0.001
MeCl? 0.055 0.04 \0.001 0.801
2 Constant 1.853 0.546 \0.001
MeCl? 0.067 0.012 \0.001
Me -0.034 0.007 \0.001 0.872
3 Constant 1.883 0.076 \0.001
MeCl? 0.107 0.013 \0.001
Me -0.082 0.016 \0.001
MeCl3 -0.288 0.09 0.003 0.896
4 Constant 1.999 0.094 \0.001
MeCl? 0.107 0.013 \0.001
Me -0.087 0.016 \0.001
MeCl3 -0.305 0.087 0.001
HEDTA3– -0.008 0.004 0.049 0.905
Dependent variable = log TU
Table 7 ANOVA for linear regression of log TU
Model df Regression Sum of
square
Mean
square
F Significance
of Fa
1 1 Regression 60.003 60.003 188.906 \0.001
47 Residual 14.929 0.318
2 2 Regression 65.377 32.688 157.376 \0.001
46 Residual 9.555 0.208
3 3 Regression 67.148 22.383 129.41 \0.001
45 Residual 7.783 0.173
4 4 Regression 67.809 16.952 104.728 \0.001
44 Residual 7.122 0.162
a Level of significance p B 0.005
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EDTA to establish priorities for traditional bioassays,
which are expensive and time-consuming.
As a final remark, it is evident that the values of toxicity
obtained by the Microtox bioassay does not account for the
toxicity of the total concentration of the metal in solution
but for the species that are toxic to the bacteria. Therefore,
chemical analysis and other bioassays are advisable to
determine the potential toxicity of a metal-containing
solution.
Acknowledgments Thanks are due to Eline Vanhastel for helping
in the experimental work.
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